Type I collagen, proteoglycans (PG) and non-collagenous proteins represent important building blocks of the dentine matrix. While different PGs have been identified in dentine, changes in the distribution of these macromolecules with the progression of caries have been poorly characterized.
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onto silanized slides (Advanced Adhesive, HD Scientific). The sections were dried onto the slides for 30 min at 80°C and then overnight at 50°C. Sections were deparaffinized in xylene, taken to water through graded ethanol series and then stained with toluidine blue (10 minutes, 0.04% in 0.1 M sodium acetate pH 4.0) for metachromatic histochemical evaluation of GAGs 1 .
Immunohistochemistry
For immunohistochemistry, sections were de-paraffinized as above and then pre-treated depending on the antibody used as detailed below, based on previous optimization. Following this epitope retrieval, endogenous peroxidase was quenched with 0.3% hydrogen peroxide for 5 min.
Slides were assembled in Sequenza trays (ThermoFisher Scientific, Scoresby, VIC) equilibrated in
Tris buffered saline with 0.5% Tween-20 pH 7.6 (TBST), then probed with the specific antibodies overnight at 4°C. Anti-collagen Type I (MP Biomedicals, Clone 1-8H5 mouse monoclonal) was used at a concentration of 10 µg/ml, and the pretreatment consisted of proteinase K (Dako #S3020) 1:10 in TBST for 30 min at room temperature followed by 1000 u/ml of bovine testicular hyaluronidase (Sigma) in 0.1 M phosphate buffer pH 5.0 for 1 h at 37°C. Anti-collagen Type VI (Abcam 6588 rabbit polyclonal) was used at 1.5 µg/ml, with pretreatment only with 1000 u/ml of bovine testicular hyaluronidase as above. Pre-treatment for all SLRP antibodies (human biglycan core protein Cterminus -EF2 rabbit polyclonal at 2 µg/ml; human fibromodulin core protein C-terminus -EF3 rabbit polyclonal at 4 µg/ml; human lumican core protein C-terminus -EF4 rabbit polyclonal at 4 µg/ml; all kindly provided by Dr Emily Fuller, University of Sydney) consisted of Chondroitinase-ABC (Sigma) 0.2 u/ml and Keratanase (Seikagaku) 0.1 u/ml in Tris Acetate buffer, pH 8.0 for 2 h at 37°C.
Following overnight incubation with primary antibodies, the slides were washed with TBST at room temperature. The mouse antibody was detected with the polymer EnVision Mouse HRP (Dako# K4001) and the rabbit antibodies were detected with the polymer EnVision Rabbit HRP
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This article is protected by copyright. All rights reserved. Negative controls for all antibodies in all teeth showed no non-specific staining (data not shown). All of the healthy dentine specimens stained positive for toluidine blue (GAG staining) ( Figure 1A and 2A), biglycan ( Figure 1B and 2B), fibromodulin ( Figure 1C ) and lumican ( Figures   1D ). An interesting pattern of distribution we observed while comparing toluidine blue and the immunostained PGs was that toluidine blue had high intensity in the immediate circumpulpal region
( Figure 1A and Figure 2A ). Immunostained PGs, on the other hand, showed a much lower intensity in these exact same regions. Regions immediately above the low-intensity circumpulpal regions in PG 
arrows) around the pulp chamber, while a more intense immunostaining region was seen immediately surrounding it. The region of higher intensity appears to increase immediately under the cusp tips.
Carious dentine showed a disruption of the higher intensity 'halo' seen in B (*), also showing a slightly reduced proteoglycan staining in the zone of degradation (black arrowhead). (1.25 mm scale bar)
At higher magnification images of the mid coronal region of healthy dentine specimens ( Figure 3A -D), dentine tubules are visible running longitudinally in the direction of the pulp chamber towards the dentine-enamel junction (DEJ). Biglycan staining is seen to be more intense immediately adjacent to the dentine tubules, with the staining intensity being visibly decreased in the intertubular space ( Figure 3B ). Biglycan also shows increasing stain intensity from the pulp chamber region towards the DEJ ( Figure 3B ), consistent with the interface between the weakly stained circumpulpal region and the higher intensity region adjacent to it. Fibromodulin ( Figure 3C ) and lumican ( Figure   3D ) displayed similar patterns to biglycan and toluidine blue, particularly with regards to the higher staining intensity in the immediate peritubular zone and reduced intensity in the intertubular dentine, however the staining gradient seen in biglycan is not as obvious for toluidine blue ( Figure 3A ), fibromodulin ( Figure 3C ) and lumican ( Figure 3D ).
Figures 3E to 3H show high maginifcation images of carious dentine. Again the tubules in the coronal region run longitudinally to the field of view, however, in these samples the course of the tubules appears to be interrupted by areas of highly degraded dentine, which stains negative (light blue) for PGs ( Figure 3F -H). The regions of dentine which still appear intact contain variable staining intensities, with some areas of stronger intensity adjacet to areas of complete degradation, both in the tubular and intertubular regions for biglycan ( Figure 3F ), fibromodulin ( Figure 3G ) and lumican ( Figure 3H ). Toludine blue stained dentine ( Figure 3E ) had more disrupted appeareance, with little resemblance to that of tubular dentine. The hihgly disorganized seen in the carious dentin illustrate the disorderde pattern of degradation of the dentin organic matrix under caries attack.
This article is protected by copyright. All rights reserved. Fibromodulin (C) and lumican (D) show a similar pattern to biglycan, however the intensity gradient is not as discernible. Carious dentine showed no specific patter of distribution for toluidine blue stained regions (E). Immunostained samples, on the other hand, had more discernible regions lacking specific PG recognition (*), which appear to be degrading and separating from the affected dentine fragments. The intact dentine fragments also appear to have areas of stained and non-stained structures, particularly near the tubules. (10 μm scale bars) Figure 4 shows a more detailed perspective of carious dentine stained for biglycan ( Figure   4A ) and lumican ( Figure 4B ). Interestingly, 'islands' of highly degraded dentine are seen both in the tubular and intertubular regions. Intriguingly, dentine tubules in the proximity of these highly
degraded regions appear to bend and curve around more severely affected areas. Another interesting observation was the presence of granular-like structures that appear to be embedded within intertubular dentine. These micrometer scale structures of 'granular' appearance were only seen in carious specimens.
Figure 4:
High magnification images of carious dentine stained for biglycan (A) and lumican (B).
'Islands' of degrading carious dentine (*) are seen interspersed among regions of intact dentine. The dentine tubules appear to bend and curve around the regions of highly degraded dentine (black arrowhead). Inset: red arrowheads show small granular structures embedded within the intertubular dentine. These are not clearly evident in image A. (10 μm scale bar)
Biglycan, fibromodulin and lumican displayed increased staining intensity around the carious lesions, but were absent within more degraded regions of carious dentine. There were occasional regions displaying patches of different intensities, hence illustrating the heterogeneous structural character of carious tissues ( Figure 5A-C) . Patches of greater intensity in different samples are outlined in Figure 5 . Again, areas that did not stain for biglycan ( Figure 5A ), fibromodulin ( Figure   5B ) and lumican ( Figure 5C ) can be seen immediately adjacent to areas strongly stained.
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This article is protected by copyright. All rights reserved. In some of the carious samples, an area of tertiary dentine near the pulp chamber was seen directly below the cavity floor ( Figure 6A -E). This area of tertiary dentine displayed a slightly decreased intensity for toluidine blue staining ( Figure 6A ). For biglycan ( Figure 6B ), fibromodulin ( Figure 6C ) and lumican ( Figure 6D ), a much more obvious decrease in intensity was observed, whereas the intensity for collagen type I staining appeared to be unchanged ( Figure 6E ). In Figure 6B -D, a faint blue line of background staining (haematoxylin) shows the location of the pre-existing dentine-pulp interface.
This article is protected by copyright. All rights reserved. 
Collagen type I and type VI in healthy vs. carious dentine
Staining for collagen type I in healthy dentine ( Figure 7 ) was mainly detected in the intertubular dentine, as shown in Figure 7A . There is a clear uniformity of type I collagen staining in healthy tissues, as evidenced by the inset of Figure 7A and Figure 1F . In carious samples, however, type I collagen displayed scattered staining with areas that lacked immune-staining, consistent with degraded dentine due to caries ( Figure 7B ). dentine. Type I collagen in healthy dentine displays a mostly uniform pattern with slightly increased intensity near the tubule walls (A). Areas of highly degraded dentine (black
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arrowhead), which stains negative for collagen type I is also visible (B). The regions of intact dentine (red arrowhead) (B) also show a variety of stain intensities. (10 μm scale bar)
Collagen type VI staining in healthy samples appeared to be more intense in the proximity of dentine tubules than in the intertubular dentine ( Figure 8A ), and evidently less intense than collagen type I ( Figure 7A ). Its distribution very closely resembled that of biglycan, fibromodulin and lumican (Figure 1) . In more heavily degraded carious dentine, on the other hand, collagen type VI showed weak staining intensity, with some disruption in the alignment of tubules ( Figure 8B ). Healthy dentine underneath the heavily degraded region can also be seen in Figure 8B . This intact dentine appears to be infiltrated with tubules that lack staining in one particular region indicated by the red dashed line.
Figure 8:
High magnification images of healthy (A) and carious dentine (B) stained for collagen type VI. Healthy dentine shows a uniform staining pattern for collagen type VI in the dentine tubules and reduced stain intensity in the intertubular dentine (A-B). Stained collagen type VI also showed a degraded dentine structure (black arrowhead). There is also an area of non-stained dentine tubules (B) outlined by the red dashed line infiltrating the intact dentine. (10 μm scale bar)
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Discussion
In this study, toluidine blue staining and immunohistochemical analyses were utilized to determine the distribution of PGs in healthy versus carious dentine. More specifically, biglycan, fibromodulin and lumican, as well as collagen types I and VI were analyzed. Our results showed that
PGs were readily detected in healthy dentine and their concentrations were markedly reduced in carious samples with varying patterns of PG disruption. The following discussion will address these compositional and morphological changes in light of the participation of PGs in developing, mature and diseased dentine.
The presence of proteoglycans in healthy vs. carious dentine
The presence and function of PGs in dentine, particularly in the pre-dentine region, have been thoroughly investigated in previous studies. 8, 11, 17 It has been well accepted that decorin and biglycan, two chondroitin-and dermatan-sulfate bearing class I PGs, play important roles in tissue morphogenesis and mineralization. Class II PGs, lumican, 18 fibromodulin, 6, 9, 13 and osteoadherin,
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lumican and collagen type VI are distributed in similar locations within dentine in the tooth crown.
The higher toluidine blue metachromatic GAG staining in the circumpulpal region, however, suggests either: (i) that the majority of GAGs in these regions are associated with PGs other than the 3 SLRPs immunolocalised in this study; or (ii) that the proportion of biglycan, fibromodulin and lumican core proteins bearing GAG chains and/or the length of the GAG chains varies within the tooth. Variable glycosylation of SLRPs has been reported in other tissues due to changes during biosynthesis or posttranslational proteolysis of the core protein. 33, 34 Interestingly, the staining profile of toluidine blue counter-matched the immunostaining profile of biglycan, fibromodulin, lumican and collagen type VI nearly perfectly. Figure 9 shows the staining profiles of biglycan ( Figure 9A ) and toluidine blue ( Figure 9B ) first separated and then overlaid ( Figure 9C ), illustrating such phenomenon. Future studies including immunolocalization of additional PG core proteins (e.g. decorin, versican), and extraction and Western blot or proteomic analysis of dental PGs could help explain these observations.
The specific distribution of proteoglycans in carious dentine
The carious specimens displayed various patterns of staining in the regions of degraded dentine, not only exhibiting specific forms of matrix breakdown but also different stages of the carious process. All three PGs immunostained displayed similar staining patterns for the carious regions ( Figure 3 ). Overall, carious dentine appears to have a decreased concentration of PGs, when compared to the specimens of healthy dentine. Figures 2 and 3 , in particular, show the reduced concentration of PGs in carious samples. Unlike those in healthy specimens, these images clearly show an irregular, patchy appearance, which has areas of very weak staining intensity and areas of high staining intensity. Intriguingly, in Figure 4A and 4B we observed degraded regions of dentine, which appear as though bacteria and debris have built up in the tubules, subsequently expanded, and appear to compress the adjacent tubules. As a consequence of this phenomenon, preserved tubules in
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supporting structures for peritubular macromolecules that travel down the tubules upon peritubular demineralization, thus triggering the pulpal tertiary dentine formation and associated dentine tubule occluding mechanisms of defense of the carious tooth. 20 Hence it is possible that these fragmented PGs may play a similar role in signaling to the odontoblasts of incoming bacterial attack, which then may respond by initiating the deposition of tertiary dentine to function as a protective barrier for the vital pulp.
Collagens type I and type VI in healthy vs. carious dentine
Collagen type I has been proposed to be very closely associated with PGs and their GAGs. 3, 31 PGs are thought to determine the configuration of collagen fibrils, which essentially form the organic matrix supporting the mineral in dentine. In healthy specimens we saw that collagen type I was mainly present in intertubular dentine and near the demineralized tubule walls ( Figure 7A ). The latter could be associated with the presence of more preserved epitopes for antibody recognition within the formic acid-demineralized tubules, where the radial arrangement of the collagen fibrils is preserved. 16 The presence of type VI collagen was also confirmed in healthy dentine. Unlike type I, collagen type VI was mainly found lining the tubular walls, with its concentration decreased, in the intertubular regions ( Figure 8A ). Furthermore, collagen type VI appeared to have a similar distribution and staining pattern as PGs, which may suggest that the two are closely associated and interact to contribute to the three-dimensional meshwork for mineral deposition we proposed in peritubular dentine in earlier studies. 16, 20 Carious specimens stained for collagen type I displayed a typical breakdown of organic matrix. There are regions where the collagenous network has been completely degraded and subsequent lack of staining is evident ( Figure 8B ). Fragments of intact dentine are also present which stain positively for type I collagen fibrils. This is also suggestive of the fact that collagen fibrils are possibly the last dentine component to be broken down and lost in the degradation sequence of the
